Summary. Spectral analysis of eight marine gravity profiles and seven SEASAT profiles, combined with corresponding bathymetric data over the Northern Bay of Biscay origin, yield identical admittance functions for wavelengths greater than 120 km. The resulting admittance function has been interpreted in terms of an Airy model of compensation for wavelengths greater than 250 km and in terms of an elastic plate model of compensation for shorter wavelengths. The Airy model corresponds to a crustal thickness variation across the margin. The plate model with an elastic thickness of 8 km is associated with the regional compensation of a sedimentary load which was probably emplaced during and just after rifting.
Introduction
To explain the gravity or geoid anomalies which are observed across continental margins it has often been assumed in many studies that the topography of continental margins represents a stated isostatic equilibrium and that the Airy model of compensation is applicable (e.g. Haxby & Turcotte 1978 , Rabinowitz 1982 . In this case the gravity signal is completely controlled by the crustal thickness variation, even though a so-called Airy isostatic anomaly often exists across continental margins (Rabinowitz 1982) . Karner & Watts (1982) and Louden (1983) used the spectral analysis approach, which characterizes the isostatic response (admittance) without any a prior2 choice of a model (McKenzie & Bowin 1976) , and concluded that the admittance must be interpreted in terms of a flexure model of isostasy (elastic plate model). This type of model explains satisfactorily the Airy isostatic anomaly. Karner & Watts (1982) also discussed the long wavelength effect in the gravity signal due to the thermal isostasy (i.e. the effect due to the transition from oceanic to continental lithosphere) and concluded that the thermal gravity effect decays rapidly with time after the initial rifting and that the gravity signal is dominated by the crustal structure. In fact, in order to study the lithospheric transition, geoid anomalies are better suited than gravity anomalies because the geoid is much more sensitive to deep sources of anomalies than gravity data and also because the geoid anomalies provided by altimetric satellites have a better signal to noise ratio in the long wavelength domain (Chapman & Talwani 1979) . On the other hand, gravity anomalies are better suited for the investigation of crustal isostasy.
In this paper we present the results of an analysis of altimetry and gravity anomalies in connection with bathymetry carried out in order to quantify the isostatic equilibrium of an extensional continental margin. We choose to analyse the Northern Bay of Biscay margin for three reasons: (a) a good set of marine data are available in this area (gravity, bathymetry, seismic reflection and refraction); (b) the main trend of this margin is perpendicular to the descendant SEASAT track directions; (c) the observations of listric faults and tilted blocks (Le Pichon & Sibuet 1981) were used to propose models of formation and evolution of this starved continental margin which have time control through DSDP holes (Montadert et a f . 1979). These models are based on the assumption of local isostasy through a plastic behaviour of the lithosphere during the rifting and post-rifting stages.
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Geological setting
The present structure of the Northern Bay of Biscay margin (Fig. 1 ) is dominated by a tensional phase during Lower Cretaceous time which lasted 20-40 Myr Sibuet & Ryan 1979) . Le Pichon & Sibuet (1981) and Le Pichon, Angelier & Sibuet (1983) have shown that extensional values as large as 3 are calculated from the geometry of tilted blocks. A model of formation of this continental margin by simple stretching has been proposed and takes into account both refraction and heat flow data. The assumption of local isostasy in this model of a margin starved of sedimentary loading suggests that the flexural rigidity of the lithosphere decreased dramatically during the rifting phase and later returned to a typical value for a lithosphere of this age. Watts & Ryan (1975) also used a similar model for the Gulf of Lion.
A deep basin, the Armorican basin, located on the thinned continental crust, is observed along the Armorican margin (Fig. 2 , between 300 and 390 km) but is absent along the Celtic margin. The edge effect, seen on Fig. 3 from the free-air anomaly map (Lalaut, Sibuet & Williams 1981a, b) , is due to the juxtaposition of two different vertical distribution of densities and partially hides deep structures. Nevertheless, two maximas of 30 and 60 mgal on the gravity map, which correspond to the Meriadzek Terrace and the Trevelyan Escarpment, respectively, cannot be explained simply by the morphology. These two maxima limit the Celtic and Armorican margins which are characterized by a different gravimetric pattern.
Data reduction
Eight profiles combining bathymetric, free-air anomaly and seismic reflection data acquired by IFREMER (Institut Franqais de Recherche pour 1'Exploitation de la Mer) have been used in this study. They are located in Figs 1 and 3. In order to analyse the gravity edge effect associated with the continental margin, each profile has been centred on the continental slope. For this purpose, original data have been extended on the continental shelf using the gravity map of Lalaut et al. ( 1 981 lengths of the eight working profiles have been reduced to 350 km (Fig. 4) . Finally, in order to use a Fast Fourier Transform (FFT), the data have been linearly interpolated with a step of 2.75 km.
As previously mentioned, the direction of SEASAT tracks is approximately normal to the margin. We have chosen to analyse profiies 600 km long. The corresponding bathymetry has been taken from the topographic map of Lallemand et al. (1985a, b) . The global spherical harmonics up to degree and order 10 of the geoid were removed in order to subtract the long wavelength anomalies which are not correlated with the topography. For that purpose, the GRIM 3 model developed by Reigber er al. (1983) has been used. The profiles obtained appear t o show a good correlation with the topography (Fig. 5 ). The step of altimetric data is about 5-6 m across the Northern Bay of Biscay margin and is similar t o observations on other margins (Haxby & Turcotte 1978; Kogan et al. 1985) . There is also a small depression in the altimetric data at the foot of the continental slope. That can be related to the flexure of the lithosphere under the sedimentary load associated to the deep basin. Such an effect is much more pronounced on continental margins loaded with major sedimentary deposits such as the Bering Sea (A. Cazenave, private communication) .
The altimetric data and the corresponding gravity data have been linearly interpolated with a step of 4.75 km. This interpolation step is larger than the one used for gravity data only because the original sampling interval of altimetry is larger (7 km instead of about 1
The correlation between the SEASAT altimetric geoid corrected for the GRIM (10, 10) long wavelentth model and the topography can also be seen on Fig. 6. This figure was obtained using all of the descending and ascending SEASAT tracks in the area after minimization of the cross-over differences using the method described by Balmino, Brossier & Moynot (1977) .
km).
Results
Admittances have been computed for both sets of data (gravity and altimetry) using the method proposed by McKenzie & Bowin (1976) . The response function obtained from the altimetry data has been normalized for comparison by multiplying by gk where k is a wavenumber and g is normal gravity (Chapman 1979) . It is important that the value for admittance at the longest wavelength (i.e. profile length) be reliable without loss of the information in the short wavelength domain by possible aliasing caused by tapering the ends of the profiles. The question of aliasing has been analysed by Diament (1985) , who demonstrated that the present method, based on the use of the spatial derivatives on profiles with large gradients in the data, is appropriate for continental margins. Fig. 7 displays the various parameters computed with both the altimetry/topography and gravity/topography transfer functions. The results obtained with the gravity data for wavelengths greater than 33 km (wavenumbers smaller than 0.03) show that the phase is close to zero and that coherence is high. This demonstrates that the gravity in t h s waveband is controlled by the topography and its isostatic response. As expected, there is a linear decay of the logarithm of the admittance for the short wavelength corresponding t o the exp ( -k d ) attenuation due to the water layer (d is the water layer thickness). The statistical parameters associated with the altimetric data set indicate that the admittance is reliable for wavelengths greater than 100 km (wavenumbers smaller than 0.01). For shorter wavelengths, the estimates of the admittances are not significant because the coherence is low and the values of the phase are important. This loss of information at short wavelengths is related to: (a) the use of altimetry data which does not contain information in the short wavelength domain; (b) the power spectrum decrease of the bathymetry at short wavelengths due to chosen linear interpolation step which is much smaller than the one used to digitize the bathymetric data on the original map (Kogan & Kostoglodov 1981; Ribe 1982) ; (c) the altimetry and topographic profiles are out of phase because they were obtained separately, while each measure of marine gravity is associated with a topographic value recorded simultaneously. Thus for wavelengths between 350 and 100km, reliable transfer functions can be com- puted from the two sets of data. This waveband contains information on the mechanical properties of the lithosphere (Sandwell 1982) . The resulting admittances are plotted in Fig. 8 tnzether with some theoretical curves. Let us first examine the experimental values. For wavelengths greater than 100 km, the values of the altimetry/bathymetry admittance are consistent with those of the gravimetry/bathymetry admittance. For short wavelengths, the values of the gravimetry/bathymetry admittance are scattered with respect to the expected exponential decay. This could be due to:
(a) Bathymetric features are not always twodimensional features perpendicular to the direction of profiles. Profile G1, for example, cuts into the eastern prolongation of the Jean-Charcot escarpment, a major fault oriented N 70°, which is an old Caledonian and/or Late Hercynian feature reactivated during the Lower Cretaceous rifting phase. Also, the Celtic continental margin is cut by canyons characterized by numerous changes in direction which individualizes three-dimensional morphologic features; (b) Local crustal heterogeneities vary from profile to profile as shown by the residual gravity on Fig. 4 . Lalaut (1980) has shown the presence of low density bodies within the upper thinned continental crust on the Celtic continental margin with density contrasts of -0.2 to -0.4 g ~r n -~ with respect to the crust, Figure 7 . Logarithm of the admittances and associated statistical parameters computed with marine gavity data (upper part) and altimetry data (lower part), The phase of the admittance must be close t o zero to infer the admittance reliably. The coherence is a measure of the fraction of the power spectrum of gravity related to the topography. The filter is the inverse Fourier transforni of the admittance. It appears from this figure that the gravity admittance can be interpreted for wavelengths greater than 30 km and that the altimetric admittance can be interpreted for wavelength greater than 100 km.
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Nevertheless, no attempt was made to correct these two effects since deviations between the experimental values and the theoretical curve are not critically large.
As the two separate sets of data processed independently yield the same response for wavelengths between 100 and 600 km, we conclude that as far as mechanical isostasy is concerned, either gravity or altimetry can be used. Nevertheless the use of gravity gives additional information in the short wavelength domain (i.e. X =z 80 km) which can be used to determine the basement density (e.g. McKenzie & Bowin 1976) .
Interpretation of the transfer function
The interpretation of the short wavelength domain in terms of the effect of uncompensated topography yields .a basement density of 2.75 g cm-3 and an equivalent water depth of 5500 m. This estimate is higher than the mean observed water depth on the topographic profiles (2470 m) but is close to the depth observed in the abyssal plain (z 4800 m). Since the computed density is close to the value for crustal density, we assume that the short 902 M. Diament, J.-C. Sibuet and wavelength domain of the observed admittance is controlled by the main density interface between seawater and the crust with no specific effect due to the thin sedimentary layer. At longer wavelengths (70 km g h G 600 km), the comparison between the observed values of admittance and the curves computed for either the flexural model of isostasy (elastic plate model) or an Airy type model (Fig. 8a, b ) indicate that neither model satisfactorily explains 903 the data across the entire waveband studied. For wavelengths smaller than 250 km, the data are well fitted by the elastic plate model but are poorly fitted by the Airy model. Thus, the topography in this waveband appears to be regionally supported by an elastic plate whose thickness is 8 km. This represents in fact an average elastic thickness across the margin and does not exclude a variation of the elastic thickness from the oceanic to the continental domain. This result is consistent with that of Karner & Watts (1982) for the Southwest African continental margin which, like the Northern Bay of Biscay margin, was formed in the early Cretaceous. For wavelengths larger than 250 km, the flexural model does not fit the observed admittance (Fig. 8b) . The data are fitted better by an Airy model with a crustal thickness of 20 km. Two possible explanations can be proposed:
(a) The transfer function in this waveband is dominated by the variation of crustal thickness (from 5 to more than 30 km) across the continental margin. According to Haxby & Turcotte (1978) , isostatic equilibrium must be achieved at the base of the crust. Due to the narrowness of the deep basin loaded at the foot of the Northern Bay of Biscay continental margin, the sedimentary load only affects wavelengths smaller than 250 km. The thickness of this sedimentary load is much less than those of the US East Coast continental margin analysed by Karner & Watts (1982) or Louden (1983) . If we reject the values of admittance plotted for wavenumbers associated with twice the length of the original profiles in Karner & Watts (1982) (see Diament 1986) , their results are consistent with the plate model for the entire studied waveband ( A d 400 km) they used, although some local deviations larger than the plotted error bars are present for the eastern North American and the Coral Sea margins. Consequently the difference between our results and those of Karner & Watts (1982) may be related simply to the different sizes of the sedimentary loads.
(b) The continental margin, as a transition zone between the oceanic and continental lithosphere, may be affected by thermal isostasy. If so, the observed admittance would be a mixture of mechanical and thermal responses (Sandwell 1982) . The effect of a deep thermal anomaly would be to increase the observed response for long wavelengths compared to the mechanical response (Kogan et al. 1985) . In the case of the Northern Bay of Biscay margin, however, the thermal effect has probably been removed completely by lateral conduction (Louden & Forsyth 1976; Watremez 1980) shows that it is not necessary to invoke deeper sources of anomalies. For this computation, the density structure of the crust and of the overlying sedimentary layers have been inferred from seismic reflection and refraction data (Avedik et al. 1982) obtained both along and perpendicular to the REF line (Fig. 1) . The computed geoid anomaly is similar t o the observed geoid anomalies along the adjacent tracks 26 and 32 (Fig. 9) .
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Discussion
Direct modelling of the geoid anomaly, combined with the results of the interpretation of the transfer function, implies that the isostatic equilibrium of the Bay of Biscay margin is controlled by both variation of the crustal thickness and by the flexure of the crust under the sedimentary load. Each process dominates in a different waveband (Fig. 10) (1982) , expressing the same idea as Le Pichon & Sibuet (1981) , stated that 'all the models of evolution of margins which assume a local isostatic equilibrium may be approximately correct for hot extending regions soon after rifting, but are increasingly in error in late stages of evolution, when the cooling and thickening lithosphere becomes stronger and exhibits significant bending or flexural charactersitics'. As noted previously, the Northern Bay of Biscay rifting phase lasted 20-40 Myr ago. Synrift sediments were deposited during the creation of half grabens between tilted fault blocks, based on the existence of fan-shaped acoustic reflectors . Synrift sediments were consequently deposited on a lithosphere characterized by an elastic plate thickness which decreased when thinning increased. At the end of the rifting phase, the morphology of the margin was acquired. Sediments, consisting mainly of turbidites, preferentially fill depressions associated with half grabens and the depression at the base of the continental slope (Foucher, Le Pichon & Sibuet 1982) . Since the end of the rifting phase, the equivalent elastic plate thickness has increased due to the cooling of the lithosphere. As depressions have been fdied, the sedimentation becomes more uniform (Sibuet & Ryan 1979) corresponding roughly to the emplacement of a uniform load over the whole margin. Consequently, the estimate of an age of 3.5Myr for the lithosphere on which the sedimentary load was emplaced gives a value which integrates over several phenomena. It must be only considered as an indication for the deposition of the sedimentary load during and just after the rifting phase.
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Conclusion
(1) The use of a combined set of marine gTavity and SEASA T altimetry data with bathymetry data yields additional constraints on the mechanical behaviour of the lithosphere for wavelengths larger than 100 km. When marine data are not available, the altimetry data can be combined with general bathymetric data (the GEBCO map for example) in order t o quantify this mechanical response.
(2) The observed transfer function in two wavebands across the Bay of Biscay margin is dominated by two different processes. For wavelengths greater than 250 km, the transfer function is dominated by the crustal thickness variation. For shorter wavelengths, the flexure of the lithosphere under the sedimentary load is the dominant process.
( 3 ) The value of the elastic thickness implies that the sedimentary load was emplaced over the Northern Bay of Biscay margin during and just after the rifting phase.
